Further considerations along the lines of Emden's methods lead to continuity of temperature at the tropopause as a condition for a stable transition from a state of convective to radiative equilibrium. This explains the characteristic appearance of the temperature distribution near the tropopause. Application of this condition leads to a simple explanation of the latitude variation of stratosphere temperature, mainly in terms of the effects of water vapour and carbon dioxide. The variation of stratosphere temperature with ozone concentra tion may be calculated, which confirms Dobson's hypothesis that anomalous seasonal varia tions in stratosphere temperature are due to seasonal variations of ozone concentration. Reasons for the approximately isothermal character of the lower stratosphere are also discussed.
The thermal equilibrium at the tropopause and the temperature of the lower stratosphere Further considerations along the lines of Emden's methods lead to continuity of temperature at the tropopause as a condition for a stable transition from a state of convective to radiative equilibrium. This explains the characteristic appearance of the temperature distribution near the tropopause. Application of this condition leads to a simple explanation of the latitude variation of stratosphere temperature, mainly in terms of the effects of water vapour and carbon dioxide. The variation of stratosphere temperature with ozone concentra tion may be calculated, which confirms Dobson's hypothesis that anomalous seasonal varia tions in stratosphere temperature are due to seasonal variations of ozone concentration. Reasons for the approximately isothermal character of the lower stratosphere are also discussed.
I n t r o d u c t io n
The facts relating to the temperature of the lower stratosphere which require explanation are now well established. They are: (i) th a t the transition of temperature from the troposphere to the stratosphere is smooth;
(ii) th at the temperature is lower over the tropics than over the arctic; (iii) th at temperature gradients are small relative to those occurring in the tropo sphere, and often positive; and (iv) th a t the seasonal variation of temperature differs from th at of the troposphere immediately below the tropopause.
The lower stratosphere is taken to mean the approximately isothermal region between the tropopause and a height of approximately 30 km., above which tem perature begins to increase rapidly with height.
Any theory of heat interchange in the lower stratosphere must attem pt to explain these facts. Such a theory, in the present state of knowledge, must necessarily be highly simplified, for the existence of winds at high altitudes, and of moving air masses with distinct boundaries, make an exact treatm ent almost impossible. In problems of similar complication, however, it is sometimes possible to isolate oYie feature and to deduce a restrictive condition which requires relations similar to those observed in nature. I f this can be done, then a framework has been erected upon which it may be possible to build a more complete theory. This paper will only consider the therm al equilibrium a t the tropopause upon the assum ption th a t it represents the point of division between a region where heat exchange is mainly due to convection (the troposphere), and a region where heat exchange is due to radiation (the stratosphere). This assumption was made by Gold (1909) in his pioneer work on the stratosphere, and it is still generally accepted for the following reasons.
The troposphere is perpetually stirred by winds, and even if winds were not present Em den (1913) has shown th a t irradiation of"the earth by the sun would lead to convective instability in the atm osphere's lower layers, and require them to be in convective equilibrium. On the other hand, the lower stratosphere is approxi m ately isothermal, and by Richardson's criterion the wind gradients required to produce atmospheric instability are nearly twice as great in the lower stratosphere as in the upper troposphere. Thus turbulent transfer of heat m ay reasonably be expected to be of minor importance in the lower stratosphere. Since states of con vective and radiative equilibrium both require continuity of tem perature gradient, provided th a t there is continuity of m aterial density, the discontinuity of tem perature gradient a t the tropopause indicates a ehange in the mode of heat transfer. H eat exchanges m ay therefore plausibly be taken to be dom inated by convection and turbulence in the troposphere, and radiation in the stratosphere. The beginning of partial diffusive separation of oxygen and helium approxim ately a t the tropo pause, as observed by Regener (1936) and Paneth & Gliickauf (1935) , lends weight to this assumption. This paper is only concerned with the troposphere through the upw ard flux of radiation which it supplies a t the tropopause. The tem perature lapse rate in th e troposphere is taken as 6-5°K/km. independent of season and latitude, as observa tions indicate. The factors leading to this lapse rate are not considered.
In order to tre a t the problem as an equilibrium problem it is necessary to neglect heating by direct solar radiation a t the tropopause, and the movement of air masses. Other authors (for example, Dobson 1946) have argued th a t the direct heating bysolar radiation a t the tropopause is negligibly small compared w ith the heating by diffuse terrestrial radiation. Movement of air masses constitutes a more serious difficulty, and it m ust be assumed th a t the observed average conditions a t a fixed point on the earth 's surface correspond to the equilibrium conditions a t th a t point for a static atmosphere.
Dobson's paper (1946) on the tem perature of the lower stratosphere considers empirically the effect of the presence of several different gases each with a complex absorption spectrum. The present paper is an attem p t to find a secure theoretical basis for such calculations. The line of attack is similar to th a t adopted by Em den, b u t in carrying it through to a logical conclusion a criterion for stability a t the tropopause is found which is essentially similar to th a t adopted by Gold. This synthesis of the work of Gold and Em den is a happy development, for despite their apparent incompatibility both theories seemed to touch upon the tru th .
S y m b o l s
Following Schwarzschild (1906) the terrestrial radiation will be supposed to be confined to two anti-parallel streams. According to Elsasser (1942) this assumption is justified for diffuse radiation where the absorbing gases possess band spectra, provided an absorption coefficient 1*66 times th a t appropriate for parallel radiation is employed. Since absorption coefficients of atmospheric gases are not known with great accuracy, this simplification will hardly impair the precision of the results and will not affect such features as arise from the presence of several different absorbing gases each with different spatial distributions and absorption spectra.
Symbols are defined as follows:
x, y, z vertical height; 6(x) temperature a t x. I t will often be used as an alternative variable to x, thus
wave-length. B a(x ) AA total energy radiated per cm.2/sec. in the wave-length range A to A + AA from a black body a t temperature 6{x). ax{x) AA upward flux of radiation per cm.2/sec. in the wave-length range A to A + AA a t x. fiA{x) AA downward flux of radiation per cm.2/sec. in the wave-length range .A to A + AA a t x.
mass absorption coefficient of the absorbing medium a t the point x a t wave-length A. p(x) density of absorbing m atter a t the point x. I n addition, s and t will be used as the heights of two points an infinitesimally small distance apart, above and below the tropopause respectively. 
(a) General discussion
Emden showed that if the earth's atmosphere were allowed to reach a state of radiative equilibrium with the solar radiation, the lower layers would have a superadiabatic lapse rate of temperature and would be hydrodynamically unstable. Convection would therefore commence and spread upwards from the earth's surface. Emden did not consider how far this convective region would rise, but was content w ith explaining why such a region should occur. Calculations of the extent of the convective region are complicated by the fact th a t tem perature discontinuities are possible a t the boundary of a region of radiative equilibrium. The convective region will clearly rise as long as there is an unstable lapse rate in the radiative region. However, it will be shown th a t when the lapse rate in the radiative region is ju st stable, an unstable negative tem perature discontinuity m ay be expected a t the boundary, which would cause convection to continue in this boundary layer, even if it does not in the body of the radiative region. I t m ay be shown, moreover, th a t when convection has ironed out the unstable discontinuity, then the lapse rate in the radiative region m ay be expected to be stable. The absence of tem perature discontinuity a t the boundary m ay therefore be expected to be the stable state to which the e arth 's atmosphere will tend.
The frequently observed absence of tem perature discontinuities a t the tropopause is usually accepted as commonplace and scarcely w orthy of explanation. The sub sequent analysis shows, however, th a t this condition m ust be achieved if the tropo sphere and stratosphere are to be in equilibrium, and the common absence of a m arked tem perature discontinuity shows th a t equilibrium or near equilibrium frequently occurs.
Real tem perature discontinuities naturally cannot exist, for they would imply infinitely large heat transport by molecular processes. In the earth 's atmosphere such discontinuities will really be shallow regions of high gradients of tem perature. I f th e lapse rate in such a region is greater th a n adiabatic, no m atter how shallow the region, contact w ith the convective troposphere below will cause it to be disturbed.
In §3 (6) two theorems will be proved for a 'g rey ' absorbing atmosphere. These theorems will be used in § 3 (c) to elaborate the argum ent th a t the absence of tem perature discontinuity a t the tropopause is a sufficient condition for a stable atm o sphere. In § 3 (d) the differences between the earth 's atm osphere and a 'g rey ' atm osphere are considered in order to show th a t the differences lead to a tightening up of the argum ents of § 3 (c).
A grey absorbing atmosphere (kx = k, const.) will be considered, for which it is no t necessary to employ A suffixes. L et (6) Two theorems <j>(x) = 0 a(#) dX = const, in the stratosphere.
Equations (1) and (2) m ay now be w ritten
, these equations may be pu t together in the form
(ii) A limit is required for the difference ct(t) -B(t). The upward flux of radiation . a t the tropopause a(t) is given by Beer's law
By partial integration this gives
In the troposphere dd(x)/dx is constaflt, which means th a t dB(x)jdxcc 6(x)z. I f the absorbing gases are mixed in equal proportion with the atmosphere a t all heights in the troposphere, then p(y) oc 0(y)4'26. A true grey absorber will have a coefficient independent of pressure, but if it be assumed th a t k(x) varies as some fractional power of p(x) then p(y) k(y) will vary more rapidly than )4'26. As long as p(y) k(y) increases more rapidly than dB(x)/dx the following inequality holds:
The difference will be the greater the more rapidly p(y) k(y) varies with 6(y).
(c) The transition from convective to radiative equilibrium in a grey absorbing atmosphere
From Emden's description of the convective layer in the atmosphere it is apparent th a t this layer will extend upwards a t least until the radiative region is hydrodynamically stable. Since the maximum stable lapse rate is affected by wind gra dients, it is best to assume th a t in the troposphere turbulence neither increases nor decreases, and hence th a t on the average -dd(s)/dx < -dd(t)/dx is the criterion for hydrodynamic stability. Suppose th a t the tropopause has risen until the lapse rate in the radiative region has dropped to this limiting value, then (3) and (4) give
Since dd(t)ldx is negative, this relation can only be satisfied if 6(s) < d{t), i.e. if there is a negative discontinuity of temperature a t the tropopause.
This corresponds to the state shown in figure 1 a. This state, while just stable in the lower stratosphere, is, nevertheless, unstable in a shallow layer just above the tropopause, which will be disturbed, and the tropopause will rise. Clearly the tropopause will continue to rise as long as this unstable layer exists. When the dis-continuity has been ironed out a configuration corresponding to figure 16 will have been reached. Here d(s) = 6{t), and from (3) and (4) 3 B{a)
This means th a t provided the unstable layer is missing the body of the stratosphere will be,hydrodynamically stable. The state 16 is therefore completely stable. I t only remains to consider the state 1 c, where there is a positive tem perature discontinuity a t the tropopause. This state also may appear to be stable, since by extrapolation from the states 1 a and 1 b it may be expected th a t -<| -dd(t)jdx. If, howev convection were to cease just below the tropopause, a lapse rate would result which would be more stable than the lapse rate with convection in progress. This m ay reasonably be taken as a criterion for the cessation of turbulence ju st below the tropopause, in which case the tropopause will drop and once more the state 16 will be reached.
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F igube 1. Possible temperature distributions in the atmosphere.
(d) The transition in the earth's atmosphere
The main differences between the model adopted in § 3 (b) and the earth 's atm o sphere arise from the following factors: (i) Absorption by atmospheric gases only takes place over finite band widths.
(ii) Transmission functions over these finite band widths differ greatly from the exponential Beer's law.
(iii) A t least three im portant absorbing gases are present.
(iv) Of these three only carbon dioxide is mixed w ith the main oxygen-nitrogen m ixture a t all heights.
The whole argument of § 3 (c) is tightened up if the inequality (4) is increased. The factors (i) and (iv) tend to do this. As will be seen in § 4 the really im portant absorption bands of water vapour and carbon dioxide occur on the long wave-length side of the maximum emission from a 200 to 300° K black body. This means th a t B x(x) for these bands will not vary as rapidly as 6(x)A, which increases the inequality (4). I t will be seen later (see figure 2) th a t for most latitudes water vapour is the most im portant atmospheric gas other than carbon dioxide. The density of water vapour varies more rapidly than 0(a;)4'26, which again increases the inequality (4). (ii) will not greatly affect the arguments of § 3 (c), since equations similar to (3) and (4) may be obtained using non-exponential transmission functions. The importance of (iii) is only clear if considered with the results of § 7, where it is shown th a t it is characteristic of a mixture of absorbing gases, th a t the lapse rate in the radiative region is less than it would be if only one absorbing gas were present. This means th a t the state 1 6 would have an even more stable lapse rate in the radiative region, and the state 1 a would require a larger discontinuity to make dd(s)/dx = dd(t)/dx.
A full analysis of the processes occurring in the earth's atmosphere would probably be impossible, even if sufficiently accurate data were available, if only on account of the prohibitively laborious successive approximation calculations which would be required. The discussion given above goes to show, as far as is possible by simple arguments, th a t the processes described in § 3 (c) for a grey atmosphere will also occur in the earth's atmosphere. The calculations of § 7, which show a stable lapse rate in the lower stratosphere a t all latitudes provided 0{s) = are some con firmation th a t detailed analysis will demonstrate the existence of the state 16, which, according to the conclusions of § 6, must be stable.
. A p p l i c a t i o n o f t h e e q u i l i b r i u m c r it e r io n t o t h e e a r t h 's a t m o s p h e r e (a) Plan of computation
The equilibrium criterion discussed in § 3 may be applied in the following way. From a ground temperature 0(0), the temperature of the troposphere will fall at a rate of 6-5°K/km. to a value 0(t) at the tropopause. The stratosphere may be pic tured as starting from the same temperature. Expressions may be written down for the rate of heating per cm.3 in a layer of the atmosphere just above the tropopause. When the height of the tropopause is such th a t there is no heating or cooling in this layer, a state of stable equilibrium will have been reached. In order to put such a calculation into a reasonably simple form, many approximations have to be made.
Suppose th a t there is no overlap between atmospheric absorption bands. This is a reasonable supposition except for the overlap between the 15/4 carbon dioxide band and the 14*1/4 ozone band, which will not lead to serious error. In the-case of no overlap the absorption due to each band of each gas can be considered separately.
, where the integration is over the limits of the rth absorption band, and let it be assumed th at Bx{0) and dBx(0)/d0 do not vary greatly over each band.
Consider the two functions
Tr is a function only of conditions in the troposphere, and represents the energy interchange by radiation between the lower surface of an infinitesimal layer just below the tropopause and the troposphere. Sr is similarly a function only of con ditions in the stratosphere and gives the energy interchange between th e upper surface of a layer just above the tropopause and the stratosphere. I f B x(t) = B x(s), i.e. 6(t) = 0(s), then the equation
is, from (1), the equation of radiative equilibrium for a point ju st above the tropo pause. Thus equation (5) sums up the condition th a t there shall be radiative equilibrium in the lower stratosphere, with no tem perature discontinuity a t the tropopause. By single partial integrations precisely similar to th a t used in § 3'(6)
The definitions of Tr and Sr then lead to
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where 7jr is the fractional transmission function of the rth band defined by
Equation (6) m ay be evaluated w ithout difficulty, since the tem perature gradient in the troposphere is assigned, and the distribution of absorbing gases is fairly well known. Equation (7) is more difficult, since the distribution of tem perature in the stratosphere cannot be assumed a priori b u t m ust be calculated by successive approxi mations, and knowledge of the distribution of w ater vapour in the stratosphere is lim ited to the lowest few kilometres. A way out of these difficulties m ay be found by appealing to observation, and setting dd(x)jdx = 0 in the stratosphere. This reduces (7) to Sr = -B r(s)
which involves only the total absorbing power of the whole stratosphere, and is not affected by the distribution of absorbing m aterial. This m ay be considered to be a first approximation. I f the height of the tropopause is calculated from this approxi m ation then it is in principle possible to calculate the tem perature distribution in th e stratosphere, and hence to evaluate the second term in equation (7).
Tr is clearly essentially positive, since the whole troposphere is a t a higher tem perature than the tropopause. According to (8), Sr is always negative. The mag nitude of Sr will depend upon the ratio of the density of gas a t the tropopause to the total quantity per cm.2 in the stratosphere. If there is a high density a t the tropo pause, and a small superincumbent blanket of gas to prevent the escape of radiation, then the cooling effect will be large. Such a state of affairs will normally be associated with a gas whose concentration falls off rapidly with height in the stratosphere. Therefore it may be expected th a t large negative values of Sr, i.e. large cooling effects, will be associated with the gases which are most rapidly attenuated in the stratosphere.
In order to visualize the way in which ^rHr varies with the height of the tropo pause it is.convenient to restrict the possible parameters as greatly as possible.
In the next section carbon dioxide is assumed to be thoroughly mixed with the atmosphere a t all heights, which enables the density to be expressed in term' s of atmospheric pressure and temperature. The concentration of water vapour in the troposphere can be conveniently related to air temperature by an assumption of constant percentage saturation, which accords roughly with observation. A direct relation between water-vapour concentration a t the tropopause and total water vapour in the stratosphere is assumed which also accords roughly with such obser vations as exist. The concentration of ozone at the tropopause may be expressed in terms of latitude and season.
In principle this would allow ZrHr to be expressed in terms of latitude, season, ground temperature, stratosphere temperature and stratosphere pressure. Since this still represents a rather complicated system, these parameters are initially related as they occur in the earth's atmosphere, and the condition ^rHr = 0 is found by successive approximations from the resulting figures. Thus figure 2 represents the energy unbalance in the earth's atmosphere as a function of latitude, but is used in a manner described to calculate the conditions which would lead to 2 r I7r = 0 a t all latitudes and seasons.
(i) Callendar (1941) found empirically a simple transmission function for regions of the 15/* carbon dioxide band, given by where £ is the amount of absorbing material. This transmission function will be employed for all atmospheric gases, since it enables the expressions for Tr for water vapour and carbon dioxide to be integrated. Callendar allows for changing pressure by altering kr, and Elsasser follows a simpler procedure. I t will therefore be assume th at the effect of a pressure gradient may be included by writing kr for water vapour and ozone are assumed to vary with pressure asp* in accordance with the theory of absorption by Lorentz lines. For carbon dioxide T cr is taken to (6) Data employed vary as p. The^e is little evidence for or against such an assumption, and its effect is to produce a slight cooling effect by carbon dioxide in the tropics which would vanish if kr were to vary as p*.
(ii) Following Dobson and others, calculations will be restricted to ozone, carbon dioxide and w ater vapour. Oxides of nitrogen m ay have an effect similar to, b u t probably smaller than, ozone; lack of knowledge as to which oxides of nitrogen are present, and complete ignorance of their spatial distribution, makes it necessary to neglect their possible effect. A simple atmospheric absorption spectrum is shown in table 1 which will be used for computation. 
* T cr for diffuse radiation = l'66j£r for parallel radiation ( §2). The figures refer to laboratory conditions of temperature and pressure. t S.C., Sutherland & Callendar (1942-3). These figures were evaluated using the Callendar transmission function. F., Fowle (1917). H., Hettner (1918). Results are corrected for tem perature as suggested by Cowling (1942-3).
J Overlapped by 15/t COa. The effect of this band is halved in subsequent computations.
(iii) As a first approxim ation for calculation, and as a comparison w ith results obtained, a relation is required between ground tem perature, stratosphere tem perature and latitude as observed on the earth 's surface. The southern hemisphere, although not so well observed as the northern hemisphere, shows ground tem pera tures and tropopause heights which are nearly independent of longitude. Ground tem peratures given by Shaw (1928) and tropopause heights given by Dewar & Sawyer (1947) m ay be compounded w ith the relation --6*5°K/km. to give the variation of 6(s) w ith latitude. The figures obtained correspond well w ith the figures given by Goldie (1947) . Table 2 summarizes the figures adopted. W ith a steady lapse in the troposphere, and constant tem perature in the stratosphere, the following relations hold between p(x) (atmospheric pressure) and 6(x):
for the troposphere, 9 . R0(s) (x -s) for the stratosphere.
(iv) The distribution of p(x) kr(x) in the troposphere is required for calculation, rath er than the distribution of p(x). For the stratosphere only a knowledge of J p(x) kr(x)dx is required. Since the ozone content of the troposphere is small, it is only necessary to know p(s) Jcr(s) (v) W ater vapour will be assumed to be 45 % saturated in the upper troposphere. This figure appears to be the best average available from measurements of frostpoint temperature in the upper troposphere.
In § 4 (c) (iii) it is argued th a t substantial contributions to Tr for water vapour come from the uppermost few kilometres of the troposphere. In this region a frostpoint lapse rate of 6-5°K/km. can be reasonably accurately represented by the density distribution
kr(x) p(x) = kr(s) p(s) exp r «-«BxlO»8g(t)
0 (3) Dobson supposes th a t in addition to an ice-point tem perature lapse of 5 to 12° K /km . there is a minimum ice-point in the stratosphere of 190° K. For tem perate latitudes 20 km. of such water-vapour concentration would correspond to 2 km. a t the con centration which exists a t the tropopause. Regener (1941) has made one hum idity measurement a t 22*2 km. and finds a relative hum idity against ice of 7 % a t a tem perature of 226° K . This indicates a higher frost-point tem perature th an 190° K. As a rough estim ate it will be assumed th a t
i.e. the absorption is th a t of approxim ately 4 km. of air a t the hum idity of the tropopause.
(vi) Carbon dioxide will be assumed to form 0-03 % by volume of the atmosphere a t all altitudes. This means
I f ground pressure is taken to be 1 atm . under all conditions, this gives all the information required about carbon dioxide.
(c) Hr for the atmospheric gases (i) Substitution of the Callendar transmission function into equation (8) gives

Sr = -kr{s)p{s) Br(s)
: 00), which expression will apply to all atmospheric gases.
(ii) For ozone the absorptive power of the troposphere is very small and This allows Tr to be w ritten in the simplified form
(iii) Using the Callendar transmission function and an exponential distribution of p(x) kr(x), the expression (6) for Tr m ay be integrated, provided th a t dBr(x)jdx does not vary greatly from its value dBr(t)/dx a t the tropopause. In tem perate latitude gaseous concentrations are such th a t substantial contributions to for w ater vapour come only from w ithin the topm ost 3 km. of the troposphere, and in this region the maximum variation of dBr(x)jdx is 3 % for the 30/4 to 00 region and 11 % for the 20 to 30 pr egion. No great error will therefore be involved by dBr(x)jdx = dBr(t)/dx, and also the contribution from the lower lim it of the integral to Tr will be negligible. These simplifications enable Tr for w ater vapour to be w ritten Tr = " fo P (1 -£)* t 1 ~£ + lo S & /•oo _ where £ = I p(x) kr(x) dx (not using the actual distribution in the stratosphere, b u t using the tropospheric distribution extrapolated to (iv) Using the distribution appropriate to carbon dioxide does not lead to an dBr(x) integrable expression for Tr. If, however, 6(x) -may be treated as constant in the troposphere and equal to 0(t) , then Tr has precisely the same form (9) as for w ater vapour. In tem perate latitudes the m ajority of the contribution to Tr dB (x) comes from the last half kilometre of the troposphere, and in this region 0(x) -^-for the 15/4 band varies by less than 5 %. Thus for carbon dioxide as well as water vapour, the value of Tr will be taken from equation (9 (v) Using the expressions and data given above Hr for the atmospheric gases may be calculated, and the results are shown in figure 2. By taking yearly average figures for ozone concentration and using the relations between p(s), 6(s) and (9(0) given in table 2, the effect of ozone may be plotted as a function of latitude. H0^ is almost exactly proportional to p(s).
From the assumptions made, the effect of w ater vapour will be almost a function of tropopause temperature only. Table 2 was used to include the effect of pressure upon kr(s), but a different relation between d(s) and p(s) would not noticeably affect the figures given. For this reason IIHi0 is plotted against 6(s). The effect of water vapour is almost entirely due to the rotation band, i.e. A = 20/4 to oo.
The effect of carbon dioxide can only be described in terms of and d(s) together. The most im portant variable is, however, which fully determines the value of £. The curve of HCOa against p(s) is, therefore, dependent upon the p(s) ~ 6(s) relationship chosen. In constructing figure 2 the figures of table 2 are employed. The effect of carbon dioxide is almost entirely due to the I5p band.
The dotted lines join values of p(s), 6(s) and latitude which correspond in table 2. The dashed line shows the rate of gain of energy per cm.3 required to heat the lower stratosphere 0*l°K /day a t various latitudes. Figure 2 may be taken to represent the rate of gain or loss of energy in the lower stratosphere a t various latitudes. Although there is not an exact balance a t all lati tudes, there are a t least signs of how balance may be achieved. In tem perate latitudes and in the arctic the balance will clearly be between heating by carbon dioxide and cooling by w ater vapour. In the tropics the heating may be due to ozone and the cooling due to carbon dioxide. More accurate data and more exact calculations m ay well show a balance to exist a t all latitudes. In the next section figure 2 is treated as a first approximation in a calculation of tropopause height from the d ata available.
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. L a t i t u d e v a r i a t i o n o f s t r a t o s p h e r e t e m p e r a t u r e
Dobson has suggested th a t the difference of stratosphere tem peratures in the tropics and the arctic may be accounted for by the higher ozone concentrations in the arctic. Figure 2 , however, shows th a t despite the increase of zone concentration with latitude, and despite the increase of kr(s) for ozone (owing to the higher tropo pause pressures in the arctic), ozone supplies no greater heating effect in the arctic than in the tropics. This arises from the fact th a t the earth 's surface is the heat source, and the decrease in surface tem perature with latitude compensates the increase of p(s) kr(s). The effect of ozone is small, and is probably im porta the tropics. This suggests the simplifying assumption th a t H0a is simply a constant under all circumstances if the total ozone content of the atmosphere is constant. In this case the position of the tropopause will be governed by # hso(0(s)) + Hco%(6(s), p(s)) = const., which will lead to a relation between p(s) and 0(s).
Despite possible inaccuracies in the calculations of § 4, the following statem ents are unlikely to be altered by improvement of d ata or calculating methods.
For the range of p(s)and 6(s) observed in the earth 's atmosphere: (a) o is a decreasing function of d(s), (b) HC O i is an increasing function of 6(s) and p(s). In figure 3 let ^(0 ), tv dx(s) be an equilibrium tem perature configu with a ground tem perature ^(O). Consider the configuration resulting from a higher ground tem perature #2(0). Assume th a t the new tropopause has reached so th a t the tem perature distribution is given by 02(O), 6x{s), and compare the balance of heating a t tx and t2. The tem perature is the same a t tx and t2, and the cooling due to w ater vapour m ust be the same a t the two places. However, the pressure a t t2 will be lower than a t tx, and therefore the heating effect of carbon dioxide will be lower a t t2. Since all heating and cooling contributions balance a t tv there mu be a net cooling a t t2. Therefore the stratosphere a t t'2 will start to cool, and the equilibrium value of 02(s) will be lower than d^s). This simple argument illustrates the likelihood of a contraphase variation of 0(0) and 6(s) owing to the conflict of cooling effects by water vapour and heating effects by carbon dioxide.
Temperature of the lower stratosphere 501 temperature I t is possible to calculate from the figures of § 4, the exact 0(s), p(s) relationship th a t will give 31rHr = 0. This must be done by successive approximations since Hcq2 is a function of both variables. The results of such a calculation are shown in Table 4 shows only very rough agreement between calculated and observed values, but for 0(0) = 290° K the agreement is perfect, and the contraphase variation of d(s) and 0(0) is clearly shown. Many possible causes for inaccuracy of the calculated values exist, but the most serious is probably the approximation of § 4 (6) (v) for the water-vapour content of the stratosphere. Variation of this approximation will not alter essentially the simple argument given above, but will alter the actual values calculated for 0(s).
Given the existence of a contraphase variation of 0(5) and 0(0), the simple argu m ent given above w ith figure 3 may be used to show th a t the tem perature configura tions are stable, i.e. a displacement from an equilibrium state will alter the energy balance in such a way as to cause a return to the equilibrium state.
S e a s o n a l v a r ia t io n o p s t r a t o s p h e r e t e m p e r a t u r e
Dobson has suggested th a t if the observed seasonal variation of ozone in tem perate latitudes could cause an inphase variation of stratosphere tem perature of ± 4° K , then the observed anomalous seasonal variation of stratosphere tem perature would be explained. The theoretical variation of 0(s) with w ith 0(0) constant may be calculated from the d ata given in § 4. For simplicity, suppose HQ a for 0(0) constant to be a function of p ( s )0 s onty-A change of p(s)Qs p(s) and 0(s), and if therm al equilibrium is to be m aintained the change m ust take place in such a way th a t A(tfH2o + tfcoa + tfo3) = Or, since £o,ocp(*)o»'
oonBtJ' This expression contains the differential which, as explained in the previous section, is the differential coefficient of probably the most uncertain quan tity in these calculations. This quantity may be eliminated if the observed values of 0(s) and p(s) in the earth 's atmosphere are assumed. Consider a change of latitude denoted by Az. I f it is assumed, as in the previous section, th a t H0a does not vary, then which give A0(s) = 4*9 = + 2°K P(s) o3 for seasonal changes in tem perate latitudes. Since all the quantities involved are rather uncertain, the agreement in order of m agnitude w ith the observed changes gives encouragement to believe th a t Dobson's account of the seasonal variation of stratosphere tem perature is correct.
In the above sections the question of the distribution of water vapour in the strato sphere has been avoided owing to the serious uncertainties involved. In order to investigate the starting temperature gradient in the stratosphere some suitable assumption must be introduced. The calculation of made below is only a second approximation, and owing to the uncertainty attached to the distribution of water vapour in the stratosphere, the figures given will do no more than illustrate the magnitude of the factors involved.
Using methods exactly similar to those employed in the derivation of (6) and (7), equation (1) 
)P(8) kr(s)p(s) dx
The left-hand side is directly proportional to dd(s)jdx, and this equation separates out the effects due to the upward flux of radiation and those due to the presence of more than one absorbing gas. The first term on the right-hand side would vanish if only one absorbing gas were present, for then there would only be one er and the term would reduce to e£rHr = 0. The term would also vanish if all absorbing gases were similarly distributed, as would happen if they were mixed together by turbulence. I t was pointed out in § 4 (a) th at cooling effects (i.e. negative Hr) would be associated with the most rapidly attenuated gases (large positive ). Thus since = 0 the weighting of the negative Hr by large er will make h rerHr negative. This factor alone would require a positive gradient of temperature in the lower stratosphere, and its contribution to dd(s) will be referred to as the 'distribution-term'.
The last three terms on the right-hand side are together equivalent to the term k2(s) p2(s) < j> which would occur if the atmosphere were a grey absorber. Their contribution to 0% ) will therefore be referred to as the ' flux-term '. As is well known the flux term demands a negative gradient in the lower stratosphere, and the actual gradient may be regarded as the result of a conflict between the flux and distribution term s which differ in sign. The approximately isothermal character of the lower stratosphere indicates th a t the term s m ust either be small, or else of the same numerical magnitude. Dobson has already in effect postulated a positive distribution term when he supposed ozone to be both the main heating agent a t the tropopause, and the least rapidly attentuated absorbing gas. The figures of § 5 show th a t ozone is probably of little importance in tem perate latitudes and in the arctic, but, nevertheless, it will be seen th a t cooling is due to the m ost rapidly attenuated gas (water vapour) and hence a positive distribution term m ay be expected a t all latitudes. Indeed a positive distribution term may be expected in any atmosphere which has a con vective and a radiative region.
The second and third term s on the right-hand side represent the contribution by the stratosphere to the flux term . Since this represents only a p a rt of-the flux term (in the case of carbon dioxide and w ater vapour the smaller part) it is reason able to approxim ate to avoid the difficulties arising from the lack of knowledge of dBr(x)jdx in the stratosphere. A suitable approxim ation is to take from observa tion dBr(x)jdx -0 in the stratosphere, which causes the th ird term on hand side to vanish. By the same approxim ation oo) m ust be replaced by Br(s). The effect of this approximation will be to overestim ate slightly the numerical values of both the flux and the distribution term . Using this approxim ation, calculations m ay be made from the figures appropriate to the atmosphere calculated in § 5 . The results of such a calculation are shown in table 5 . Carbon dioxide is the main contributor to the flux term . Since the values of the tropopause pressure used correspond to those occurring in the arctic and tem perate latitudes, it is probable th a t the figures shown in table 5 for the flux term are only comparable w ith the higher latitudes on the earth. In the tropics a considerably smaller value of the flux term would be expected, b u t rough calculations indicate th a t the distribution term would remain about 1 to 2° K /km . This a t least indicates the probable cause of the small tem perature gradients existing in the lower stra to sphere.
The author is deeply indebted to Professor T. G. Cowling for the trouble he has taken in helping to prepare this paper for publication, to D r G. B. B. M. Sutherland and Dr T. W. Wormell for encouragement and constructive criticism, and to the M inistry of Education for a F urther Education and Training grant which rendered this work possible.
